Properties of shale in an acid environment are important when acid or CO 2 is injected into geologic formations as a working fluid for enhanced oil and gas recovery, hydraulic fracturing and reduced fracture initiation pressure. It has previously been shown that acid fluids can enhance the formation conductivity and decrease the hardness of shale. However, less is known about the effect of dilute acid on the adhesion properties of shale. In the study, shale samples are characterized in detail with advanced analysis. Adhesion properties of shale via dilute acid treatment were revealed by atomic force microscopy (AFM) for the first time. Results indicate that acid treatment can greatly enhance adhesion forces of the shale surface. After acid treatment, the average adhesion forces show a platform-like growth with an increase in loading force. Through analysis of results from AFM, scanning electron microscopy, and X-ray diffraction, we affirm that the enhanced adhesion forces are mainly from increased specific surface area and reduced elastic modulus. The results presented in this work help understand the adhesion properties of shale oil/gas present in an acidic environment, which have great significance in unconventional resources development.
Introduction
As an important alternative for conventional energy sources, shale gas development has been a great success with the wide application of horizontal drilling and multistage hydraulic fracturing (Collell et al. 2015; Tang et al. 2018) . To get high conductivity fracture network and reduce the fracture initiation pressure underground, acidizing technology (Qi et al. 2012 ) and supercritical CO 2 fracturing (Huang and Hu 2018; Ishida et al. 2012; Jiang et al. 2016; Ribeiro et al. 2017) were introduced in the development of shale reservoirs, which would create a weakly acidic environment in shale formations. Because of the general belief that the clay, silt, and organic matter (kerogen) comprising the major components of shale formations exhibit insignificant bulk solubility in acid, shale is thought to be relatively nonreactive to low pH or acidic fluids (Grieser et al. 2007 ). However, shale has highly diverse mineralogies and greatly varies with the region. For Longmaxi shale selected for the experiment, acid-soluble minerals account for nearly 10% and distribute in the rock matrix heterogeneously. For some regions, carbonates (calcite and dolomite) can account for up to 40% of shale (Dai et al. 2014; Yang et al. 2016) . Calcite reacts with HCl to produce calcium chloride, water, and carbon dioxide, while dolomite reacts with HCl to produce calcium chloride, magnesium chloride, water, and carbon dioxide. Therefore, further research on the acid/shale reaction becomes necessary. Grieser et al. (2007) mentioned that shale has many acidsoluble minerals that may be dissolved in low pH fluids resulting in the release of adsorbed gas. Wu and Sharma (2017) studied the effect of acid on shale microstructure and pore structure by directly comparing the SEM images. Morsy et al. (2013) quantified the impact of different concentrations of HCl solutions on physical properties and recoverability of shale formation. Al-Harahsheh et al. (2009) Edited by Yan-Hua Sun used a series of inorganic and organic acids to quantify the demineralization effect of shale on oil and gas yield. Guo et al. (2017) comprehensively evaluated acid fracturing treatments in shale formation and analyzed the permeability of acid-etched fracture in shale under the influence of various factors. Han et al. (2018) researched the mechanical behavior of Longmaxi shale by the micro-indentation test. Besides, the injection of CO 2 into geological sites is believed to be an effective approach for CO 2 sequestration, which creates an acidic environment in shale formation (Kalra et al. 2018; Kampman et al. 2014; Wan and Liu 2018; Yang et al. 2015; Yu et al. 2012) .
Previous studies observed a positive correlation between shale oil/gas yield and acid treatment, but great deviations from this trend were also noticed. They found that acid treatment creates macroscopic cracks with high conductivity, but it also leads to a reduction in fracture conductivity caused by proppant embedment due to the reduced hardness of the shale fracture surface. Their study focused on the conductivity of macro-fractures caused by acid treatment aiming to optimize the design of acid fracturing in shale play. However, there are a large number of nanoscale pores and fissures in shale, where the release of oil and gas is controlled by the interaction (adhesion force) between the wall and fluid. At nanoscale, the intermolecular forces responsible for adhesion force could be caused by chemical bonding, van der Waals forces, and electrostatic force. For shale gas, the adsorption status is mainly controlled by the van der Waals forces (Wang et al. 2016; Wu et al. 2015) and shale gas in absorbed phase can reach 85% of the total gas-in-place (Curtis 2002) . AFM, with its high vertical resolution, can detect the tip/sample interaction force (adhesion force) , and it is crucial for understanding the flow behavior of oil and gas at nanoscale. Up to now, little research has been conducted on adhesion properties of shale before and after acid treatment and there has not been a unified understanding of acid treatment in shale formations. Therefore, research on the adhesion properties of shale becomes meaningful and necessary, which can illustrate the adhesion capability of shale in an acidic environment.
In present work, shale from the Longmaxi group, a representative of marine sediments in China, was selected to study the effect of acidizing on adhesion forces by AFM. Enhanced adhesion forces of shale surface after dilute acid treatment were innovatively observed. Besides, topographic images were constructed in non-contact atomic force microscopy mode before and after acidizing. Then, morphology changes of shale surface were investigated by using SEM imaging. Evolution of shale's microstructure and elemental abundance before and after acid treatment was obtained with SEM imaging and energy dispersive spectrometer (EDS) scanning. Finally, in order to explain the intrinsic mechanism of the enhanced adhesion capability, we analyzed the mineral composition and the mechanical properties of the shale sample before and after acid treatment by XRD and nanoindentation, respectively.
Methodology

Sample and preparation
Shale samples were outcrops collected from the Silurian Longmaxi Formation, Sichuan Basin, China. Mineralogy information of shale was obtained by X-ray diffraction (shown in Table 1 ). Detailed information on the geology setting and shale geochemistry of this formation can be found in previous investigations (Jia et al. 2012; Li et al. 2018; Liu et al. 2019; Zhou et al. 2014) . To get a section suitable for SEM and AFM tests, we cut the sample mechanically into small flakes with a surface area approximately 10 mm × 10 mm. Then, the flakes were manually polished on the surface with sandpapers from coarse to fine (up to 3000 grit).
Mineralogical analysis
XRD can accomplish the identification of crystalline phases in rocks quickly and accurately (Chen et al. 2014; Srodon et al. 2001; Tong et al. 2011) . To quantify the effects of acid treatment on mineralogy, the sample was ground to powders to suit XRD sample preparation requirements. The powders were divided into two parts, one of which was subjected to XRD test directly. The other part was used for the same XRD test after acid treatment. To get post-acidizing powders, a sufficient amount (50 mL) of 3% HCl was prepared to react with 2 g of powder sample in a beaker and stirred with a rod for 30 min every 12 h under ambient temperature. After 48 h, the mixture was filtered through a 0.45 µm filter paper and then washed with an excess amount of distilled water to remove acid residuals. The solid residual was then dried at 90 °C for 24 h in an oven to remove moisture. In the experiment, Rigaku MiniFlex II Desktop X-ray Diffractometer with a Cu anode producing X-rays was used. The diffractometer was operating at 40 kV and 20 mA, scanning values 2θ ranged from 2.5° to 45° with a step size of 0.02° and a scan speed of 1°/min.
Experimental procedure
Through relative coordinates and marks, the same location on the surface was observed pre-and post-acidizing with a multi-functional field-emission scanning electron microscope (FE-SEM, SU8010). All images were obtained with an acceleration voltage of 20 kV and a current of 15.6 µA. Elemental scanning was performed through EDS detectors equipped in SEM. After operations on the pre-acidizing sample, the sample was taken out from the sample chamber for acid treatment. Two drops of 1 wt% HCl were applied to the polished surface for 1 min and then rinsed off with distilled water at ambient temperature. To remove residual water on the surface, the sample was dried in air under a lamp for 30 min. SEM imaging and EDS scanning were performed at the same position on the post-acidizing sample. Adhesion forces were quantified using AFM (Dimension Icon AFM, Bruker Co., Inc.), and schematic of the AFM is shown in Fig. 1 . The sample preparation procedure in the AFM test was similar to that in the SEM part. A silica microsphere with a diameter of 10 ± 0.25 µm was carefully glued at the end of a tipless probe, and its SEM image is shown in the inset of Fig. 1 . The AFM cantilever used in the experiment was 225 µm in length, 50 µm in width and 4 µm in thickness, with an average spring constant of 20 N/m and an average frequency of 100 kHz. Reaction velocity was set at 1.62 μm/s, and the test was conducted under room temperature with humidity controlled at 20%. Six positions on the sample surface were randomly selected before and after acid treatment. Different loading forces were applied to these positions from 500 to 3000 nN to get adhesion forces. In the same way, a ScanAsyst-Air probe with a spring constant of 0.4 N/m was used to construct topographic images of shale surface by measuring the tip-to-sample distance at each (x, y) data point. In this process, we selected visually flat areas for topographical scanning before and after acid treatment. Detailed testing principles and knowledge about AFM can be found in previous studies (Binnig et al. 1986; Butt et al. 2005; Javadpour et al. 2012; Xu et al. 2013 Xu et al. , 2014 . In addition, the measurement of mechanical properties of the shale surface was taken by a Nano Indenter G200 at room temperature and pressure, which can measure the elastic modulus and hardness in compliance with ISO 14577. The surface-approaching velocity was set at 30 nm/s with a final indentation depth of 5000 nm.
Results
Effect of dilute acid treatment on adhesion forces
Interactive forces between surfaces are the signature of surface materials (Javadpour et al. 2012) . Previous studies had been illustrated using distinct force interactions to study and characterize shale samples . In this experiment, we randomly selected six positions on the sample surface and concentrated on adhesion force changes before and after dilute acid treatment. Figure 2a , b shows the adhesion forces of the six points with loading force ranging from 500 to 3000 nN before and after acid treatment. With an increase in loading force, the adhesion force of pre-acidizing sample remains relatively stable for every position, revealing that the test occurred in the elastic range. After acid treatment, the adhesion forces exhibit an obvious upward trend with an increase in loading force. Due to the complex morphology and strong heterogeneity of the shale surface, the surface deforms nonlinearly or even gets crushed with an increase in loading force. Therefore, the trend of curves shows a platform-like rise rather than a monotonous increase. The relationship between average adhesion forces at the six points and loading force is clearly demonstrated in Fig. 2d . For loading forces lower than 800 nN, the pre-acidizing and post-acidizing samples show a slight difference in adhesion forces. With loading force increasing, the average pre-acidizing adhesion forces fluctuate between 25 and 35 nN, whereas for the curve of the post-acidizing sample, adhesion forces raise by 3 times from less than 30 nN to more than 90 nN. For higher loading force, the post-acidizing adhesion forces are significantly greater than that of pre-acidizing. Typical adhesion curves (Fig. 2c) give a clear demonstration that the adhesive force (AF) increased due to acid treatment at a high loading force. Xu et al. (2013) had shown that the adhesion force increases after the loading force exceeding the critical value. Therefore, dilute acid treatment can effectively reduce the critical value of the loading force in this study.
Topography and surface roughness study
Surface topography was mapped before and after acid treatment in non-contact atomic force microscopy mode.
Because the scanning range of AFM in the vertical direction is limited and the sample surface is relatively uneven after acid treatment, relatively flat areas were selected for topography mapping before and after acid treatment. Considering that the Longmaxi shale is relatively porous and micron to nanometer pores exist in the matrix of minerals (Dai et al. 2014) , the roughness is sensitive to the size of tested areas. Figure 3a , b are plane and stereo topographic images of the shale surface before acid treatment, respectively, and the roughness (Ra) of the selected area (10 μm × 10 μm) is 35 nm. Similarly, Fig. 3c, d shows the topographic images of the same size after acid treatment with a roughness of 48.1 nm. It is worth noting that stereo images have been stretched in the vertical direction for better visualizing. In the real size, the surface is much flatter due to the small change in the vertical direction. When narrowing the analyzed area to 1 μm × 1 μm, the areal roughness before and after acid treatment decreased significantly to 8.43 nm and 13.6 nm, respectively, (Fig. 4) . On the mesoscopic scale, changes in surface topography before and after acid treatment can be Fig. 5a, b , where the polished surface is destroyed by acid treatment.
Microstructure and elemental composition study
With relative coordinates and markers recorded during imaging of the pre-acidizing sample, the same image fields were relocated successfully after acid treatment. In order to obtain original surface topography, the coating was not used during imaging and scanning to avoid potential interference. A direct visual comparison (Fig. 5a, b ) and elemental abundance analysis (Fig. 5d, e ) are made before and after acid treatment. In the selected filed, the total proportions of oxygen, silicon, carbon, and aluminum are more than 95% (Fig. 5d ), suggesting its high content of quartz, organic matter, and clay minerals. Elements of calcium and magnesium only account for 2.34% by weight and mainly distribute in the white spots in Fig. 5a . The EDS scanning results before and after acid treatment are shown in Fig. 6 . The elemental information from EDS analysis is basically consistent with that from mineral analysis by XRD, which ensures the rationality of the data. The XRD analysis shows the mineral composition of the untreated sample and sample after acid digestion in Table 1 . Clay and quartz are the main components of mineral matter in the shale sample. Both quartz and clay minerals contain oxygen, which explains the oxygen content of 49.2% from EDS analysis. Proportions of carbonates, feldspar, and pyrite contents are 7.9%, 5.9%, and 3.2%, respectively, which are relatively low but cannot be ignored. After reacting with 3% HCl for 48 h, carbonates, siderite, and gypsum were digested and disappeared in the residual. Correspondingly, one of the changes that can be noticed in Fig. 6 is that the peak of calcium decreased after acid treatment. The relative content of other minerals raised slightly or remained stable under the function of carbonates dissolution.
Because the main minerals that react with acids are carbonates, the distribution of carbonates in the preacidizing sample directly affects the microstructure and pore structure after the dissolution of the carbonates. Due to the random distribution of carbonates, the dissolution of carbonates caused by acidizing forms a great many of cavities and pits (Fig. 5c ) on the sample surface, which can promote pore connectivity and facilitates the release of shale gas. Adhesion properties also change with alterations of surface topography and mineral composition. Most carbon exists in an organic form with a small amount in calcium carbonate. The reaction of carbonates with hydrochloric acid releases carbon dioxide and causes a slight decrease in carbon content. About 80% decrease in calcium is observed due to the dissolution of the carbonate (Fig. 5e ). The reaction rate for calcium carbonate is rapid and is transport limited, while the reaction with dolomite is slower and is reaction rate limited (Patton et al. 2003) . In the experiment, only two drops of dilute acid (1% HCl) were applied to the shale surface and reacted for 1 min. Taking the widespread substitution of magnesium ions in clay minerals and instrument error into consideration, it is reasonable to observe a minor increase in magnesium. The content of silicon, aluminum, and other elements shows a slight ascent due to the dissolution of calcium carbonate.
Discussion
Our experiments show that dilute acid treatment exerts a strong influence on chemical compositions and surface morphology of shale, which in turn affects the adhesion properties of the shale. Since the primary concern of this research is to study the adhesion properties of shale in an acidic environment, rather than to examine the digestion efficiency of different types of acid, only diluted hydrochloric acid is used in this experiment.
For acid reacts with carbonates preferentially, and only two drops of diluted HCl were used in the adhesion force test, we focus on the mineralogical and topographical changes to clarify the effect of dilute acid treatment on adhesion properties of shale. After acid treatment, carbonate minerals are digested, and morphology of the sample surface changes accordingly. Masses of cavities and pits form due to the dissolution of non-uniformly distributed carbonates, and both AFM height images and SEM images can give an illustration of increased surface roughness. The in situ stress exerted on the shale varies greatly, which Fig. 4 a, b Plane and stereo topographic images of the shale surface before acid treatment. c, d Plane and stereo topographic images of the shale surface after acid treatment (area: 1 μm × 1 μm) may affect the adsorption and flow of oil and gas on the shale surface. Therefore, adhesion properties under different loading forces are studied. Enhanced adhesion forces of shale surface at high loading forces are observed after acid treatment in this study. Previous experiments have shown that the hardness and elastic modulus of shale are reduced after the saturation of acidic fluids (Guo et al. 2017; Zhang et al. 2017) . In this study, we obtained similar results by the nanoindentation test, which is a well-known method for the microscale to nanoscale mechanical characterization of materials (Lei et al. 2016) . The decreased elastic modulus and hardness (as shown in Figs. 7, 8 ) might be responsible for the enhancement of the adhesion force. At the atomic or molecular scale, adhesion force emerges from intermolecular forces such as chemical bonding, van der Waals forces, and electrostatic force (Israelachvili 2011) . In this study, the van der Waals forces were expected to dominate among these intermolecular forces. For the probes used in this experiment are electrically neutral, electrostatic forces can be excluded from adhesion. Besides, the force curve drops off fast and becomes zero for few nanometers away, which contradicts the long-range nature of the electrostatic force (Butt et al. 2005; Inui and Iwasaki 2017) . Considering the chemical nature of the substrate and the silica tip, the approaching/separation process is considered to be physical, and new chemical bonds are unlikely to form between them at room temperature. Moreover, the precise force separation curve of chemical bonding, such as ionic or covalent, is practically unmeasurable because of the instability of jumping (Kendall 1994) .
In addition to these intermolecular forces, there are also certain mechanical effects, among which mechanical interlock is a well-known mechanism of adhesion (Ebnesajjad and Landrock 2014; Paddy et al. 1987) . Adhesion from mechanical interlock increases with the roughness of substrates (Jennings 1972) , possibly through the increase in energy dissipation and interfacial area (Yang et al. 2019) . Because the surfaces of the tip and the substrate are not perfectly smooth (Butt et al. 2005 ) and integrity of the sample surface is destroyed by acid treatment, mechanical friction at the microscale can also be a part of the adhesion (Yang et al. 2019) . Therefore, the adhesion force between the shale surface and the silica microsphere is considered to be dominated by the mutual function of van der Waals forces Taking the topographic changes and plastic deformation into consideration, Fig. 9 gives a dynamic model that explains well to the adhesion property changes before and after acid treatment. When the loading force increases from 500 to 3000 nN, the shale surface has undergone an elastic deformation and returned flat after contacting with SiO 2 microsphere for the samples before acid treatment (Fig. 9c,  e ). Therefore, adhesion forces show a little change with different loading forces (Fig. 2d) . After acid treatment, the dissolution of brittle minerals (calcite and dolomite) decreases the elastic modulus and the hardness, and leaves a rougher shale surface with a higher specific surface area. Because the spherical probe has a certain curvature, within relatively low loading forces, the number of molecules exposed to the adhesion zone would not increase significantly. However, when it comes to liquid molecules, rougher surface with increased specific surface area inevitably leads to more adsorption due to high dispersion degree of shale oil and gas. Figure 9c, d gives a schematic demonstration why the adhesion forces are almost the same before and after acid treatment at low loading forces. It is worth noting that mineralogy composition would become more homogenized after acid digestion (Table 1 ). It may have played a vital role in bringing about concentrated adhesion force distribution (Fig. 10) at the loading force of 500 nN for the post-acidizing group. As a consequence, the adsorption layer of shale oil/gas should be more evenly distributed after acid soaking.
When the loading force increases higher than the critical value, the contact surface becomes concave, and more molecules enter the adhesion zone contributing to the increased adhesion force (Fig. 9f) . Therefore, at the mutual function of the increased specific surface area and ductile deformation, adhesion forces increased after acid treatment. The adhesion force also exhibits relatively severe fluctuations (Fig. 2b) due to the diversity of surface deformation and damage. Besides, with a rougher surface after acid treatment, higher energy dissipation from enhanced mechanical interlock and friction could also be a reason for the increased adhesion force.
Sorption and desorption of gas is one of the most important issues in shale gas development (Wang et al. 2018a, b; Xiong et al. 2017) . A lot of simulation and macroscopic adsorption experiments have been conducted about this issue, and clay minerals, total organic carbon content, organic matter maturity, and kerogen type are considered as the main factors affecting gas storage capacity (Jodłowski et al. 2007; Wang et al. 2019, Wang and Sheng 2017; Zhang et al. 2012 . However, there are few studies on shale adhesion characteristics that control the release of oil and gas at microscopic scales, especially in nanopores. Besides, carbonates have always been overlooked due to their low content. With the comparison of SEM images before and after acid treatment, we note that the effect of carbonates on surface topography is disproportionate to its content. Masses of cavities and pits form for the dissolution of non-uniformly distributed carbonates, which enlarged storage space and increased adsorption sites for shale oil/gas. By characterizing shale before and after acidification, we attribute these changes to the dissolution of carbonates. Our experiments show that shale exhibits a stronger adhesion capability in acidic environments, which means the desorption process becomes more difficult and is unfavorable for shale oil/gas development. Since the ultra-high vertical resolution of AFM (less than 1 nm), the adhesion curve under the contact mode deserves particular concern, and it is believed to assist Fig. 8 Hardness of the sample obtained by the nanoindentation test before and after acid treatment adsorption studies of shale gas and promote unconventional energy exploitation. We hope this preliminary research will stimulate more creative studies on this topic, especially for studies using nanoscale modified probes.
Conclusions
Multi-methods (AFM, FE-SEM, XRD, Nanoindentation) have been adopted to characterize the marine shale sample of Silurian Longmaxi Formation, Sichuan Basin, China. The effect of dilute acid treatment on adhesion properties of shale was innovatively revealed by AFM. Effects of dilute acid treatment on shale were obtained as follows:
(1) Combination of FE-SEM imaging and EDS scanning shows that a great many of cavities and pits can form due to the dissolution of carbonates after acid treatment. Contrary to the general belief that shale is relatively nonreactive to acidic fluids, morphology of shale changes significantly and microscale roughness increases due to the dissolution of heterogeneously distributed carbonates after acid treatment.
(2) Dilute acid treatment can greatly increase the adhesion force of shale. At different loading forces, adhesion forces remain stable before acid treatment. After acid treatment, adhesion forces show a platform-like rise and are more than trebled with the increase in loading force. raphy and mechanical properties of shale. A dynamic model is proposed to explain enhanced adhesion forces of shale by dilute acid treatment. In this model, adhesion is achieved mainly through van der Waals forces. Increased specific surface area and reduced elastic modulus after acid treatment give a rational explanation for enhanced adhesion capability.
